Introduction {#Sec1}
============

To tune the high-temperature superconductor YBa~2~Cu~3~O~7−*δ*~ (YBCO) towards higher critical current, *J* ~c~, and smaller anisotropy, it has been found useful to create defects of various sizes and shapes into the YBCO matrix. Commonly, YBCO is doped with a non-superconducting dopant, like BaZrO~3~ ^[@CR1],[@CR2]^ (BZO) or BaSnO~3~ ^[@CR3],[@CR4]^ (BSO). More recently also Ba~2~YNbO~6~ ^[@CR5]^ has been used and doping can be fine-tuned by additionally using Ba~2~YTaO~6~ ^[@CR6]^. All these dopants create nanosized rods when deposited using pulsed laser deposition (PLD). However, YBCO has also been doped using materials that result in non-correlated pinning centres, like Y~2~O~3~ ^[@CR7]^ or BaCeO~3~ ^[@CR8],[@CR9]^ (BCO). Especially the nanorods are seen to decrease anisotropy and they commonly produce a peak in the angular dependence of *J* ~c~ when the magnetic field *B* is parallel to the YBCO *c* axis and the nanorods. Furthermore, different kinds of dopants have been seen to affect intrinsic properties like the coherence length of YBCO^[@CR10],[@CR11]^.

Especially in PLD made films, non-correlated, nanosized dot-like defects are rarely used alone, but combined with nanorods for enhanced pinning. For example combinations of Y~2~O~3~ nanodots and BZO nanorods^[@CR12]^ or Y~2~O~3~ nanodots and BSO nanorods^[@CR13]^ have successfully been used. As described in the work by Horide *et al*.^[@CR13]^, the amount of dopant can affect the shape of the angular dependence of *J* ~c~ drastically. Thus, for the best result, application-related design is needed. In addition to mixing different types of dopants, multilayer structures containing layers of BZO doped YBCO^[@CR14],[@CR15]^ or BSO doped YBCO^[@CR16],[@CR17]^ along with layers of undoped YBCO have also been studied. The segmented nanorods that are formed by depositing undoped YBCO between the layers of doped YBCO provide larger pinning force especially in the direction of **B\|\|** *ab* plane of YBCO, as compared to the continuous nanorods. In that direction, the ends of the nanorods actually pin stronger than any other defect^[@CR16]^. Furthermore, by tuning the length of the segmented nanorods, the behaviour of *J* ~c~ in different magnetic fields and orientations can be greatly modified. Because of their structure, the segmented nanorods can act as more diverse pinning centres than rods penetrating through the whole sample. Despite the promising results in multilayers, to our knowledge only Liu and Du^[@CR18]^ have utilized the pinning possibilities of the spacer layer between the nanorod layers.

A multilayer is a complex pinning landscape and to be able to deeply understand how the vortices move, a computational model is needed. Calculations are usually based on solving Ginzburg-Landau equations^[@CR19],[@CR20]^ where all the interactions come into the model intrinsically but these models are computationally expensive. Another way to study vortices is to use molecular dynamics (MD) simulations^[@CR21],[@CR22]^ to describe effective vortex dynamics. However, such models have previously been used only as toy models for studying the critical dynamics of vortex flow. To our knowledge, MD models that can reproduce the angular dependence of *J* ~c~, have not been published.

In this paper, a set of multilayer films were made using layers of equal thicknesses of BZO and BCO doped YBCO. The number and thickness of each layer were varied and their effect on the angular dependence of *J* ~c~ was measured. Additionally, the movement of vortices in such structures was studied in detail by using a molecular dynamics simulation capable of anisotropy scaling.

Results and Discussion {#Sec2}
======================

Structural properties {#Sec3}
---------------------

Films with alternating layers of BZO and BCO doped layers were fabricated with pulsed laser deposition. The different multilayer structures are schematically shown in Fig. [1](#Fig1){ref-type="fig"}. The films are all free from impurities, as confirmed by the X-ray diffraction (XRD) *θ*−2*θ* measurements. There is no clear correlation between the layer thickness and the *c* parameter, although both BCO and BZO doping increases the *c* lattice parameter slightly (see Supplementary Information (SI) for more details). The smallest strain in the *c* direction is in the Y and Z samples but there are no large discrepancies between different multilayer samples.Figure 1Schematic diagram of the samples that were made. In the figure, *p* is the number of pulses and *n* the number of layers.

The high resolution transmission electron microscopy (HRTEM) images of m1000ZC, m250 and m100 (see Fig. [1](#Fig1){ref-type="fig"} for sample names) all show nanorods in BZO doped layers and spherical particles in BCO doped layers. As shown on the HRTEM image of m1000ZC (Fig. [2(a)](#Fig2){ref-type="fig"}), the nanorods are splayed and flexural with a mutual average distance of (10 ± 1) nm and diameter (5 ± 1) nm. The BCO layer, on the other hand, contains small BCO particles, (3 ± 1) nm in diameter. The nanorods in m250 (Fig. [2(b)](#Fig2){ref-type="fig"}) have similar diameter and distance as compared to m1000ZC, although the rods are shorter due to the smaller thickness of the layer. Furthermore, it is remarkable that the nanorods in m250 have not grown on top of each other, unlike e.g. the rods in BSO doped YBCO rods with undoped YBCO in between^[@CR16]^. The self-aligned growth has been attributed to strain fields created by the dopant^[@CR23]^ and since BCO itself tends to increase strain in YBCO^[@CR8],[@CR9]^, it likely disturbs the rod formation process. Additionally, in m100 the thickness and distance of the BZO nanorods is the same as in samples with thicker layers but the rods are straight.Figure 2The TEM images of (**a**) m1000ZC and (**b**) m250 showing the interfaces between nanorods and nanodots. The arrows indicate some of the rods in the BZO doped layer and some of the nanodots in the BCO doped layer. The solid lines show the transition from BZO doped layer into BCO doped one and vice versa.

Superconducting properties {#Sec4}
--------------------------

The resistively measured *T* ~c~ s are roughly between 87.7 K and 88.6 K, without a clear correlation with the number of the layers. Only CZ has *T* ~c~ 85.0 K which reflects the distortions in the structure. The distortions are also clearly visible in the XRD and TEM measurements of CZ. The width of the transition, Δ *T* ~c~, defined as the difference in temperatures corresponding to 80% and 10% of the normal state resistance, is roughly 2 K for all other but 1.4 K for Z and 3.9 K for CZ. This means that there is no degradation of superconductivity due to layer structure, and only CZ has a distorted structure.

The angular dependencies of *J* ~c~ at 40 K and 4 T are highly dependent on the number of layers (Fig. [3(b)](#Fig3){ref-type="fig"}). The 40 K is selected to be far enough from the *T* ~c~ so that the small differences in *T* ~c~ do not have an effect. On the other hand, the 40 K temperature is more important from a technological point of view than 10 K. Because of the current limitation in the measurement system, the 40 K also allows measurement of all samples even at lower fields. The 4 T magnetic field enables to probe the differences in vortex-vortex interaction. Samples with long enough nanorods exhibit a *c* axis peak, i.e. as **B\|\|** *c* axis of YBCO (later referred as *c* peak) which corresponds to *θ* = 0°. As the layer thickness is decreased, the *c* peak is not seen any more. This limit is between m500 and m250. Thus, the absence of *c* peak does not imply the absence of *c* axis correlated defects. The disappearance of the *c* peak^[@CR24]^ can be explained using the vortex path model. It states that if the vortex goes along one pinning site in the *c* direction less than the standard deviation of the sideways step of the vortices, the peak disappears. Similar disappearance of the *c* peak has been seen on non-continuous BZO nanorods^[@CR25]^ and on BSO doped YBCO films with a multilayer structure of undoped YBCO in between^[@CR16]^. However, as Matsumoto *et al*.^[@CR16]^ pointed out, the ends of the nanorods are powerful for pinning in the *ab* direction.Figure 3The angular dependence of the samples at (**a**) 10 K and 8 T, (**b**) 40 K and 4 T and (**c**) 77 K and 1 T. The *c* peak can be seen around *θ* = 0°. A part of the data for m100 at 10 K is missing due to current limitations of the measurement system.

The angular dependencies of *J* ~c~ at 10 K show similar properties to 40 K (Fig. [3(a)](#Fig3){ref-type="fig"}). Still, the BZO doped Z has one of the most isotropic angular dependencies. Also, it can be seen that the *c* peak of Z and m1000CZ and m1000ZC are very wide, with a double peak structure. It originates from the tilt and flexural nature of the nanorods. The tilt can be adjusted by fine-tuning the deposition temperature^[@CR25]^. The order of the curves is pretty similar to situation at 40 K and thus there are no large differences in the pinning capabilities of the samples at these temperatures.

At 77 K, 1 T (Fig. [3(c)](#Fig3){ref-type="fig"}) the situation is different. No sample has a *c* peak but shoulders evolve near the *ab* peak. Still m100 has the highest *J* ~c~ values throughout all angles. The *c* peak disappears due to the thermal fluctuations of vortices and larger size of the vortices and they both affect the paths the vortices make^[@CR24]^. The CZ has practically zero *J* ~c~, likely due to the wide transition and low *T* ~c~.

Furthermore, it can be seen from Fig. [3](#Fig3){ref-type="fig"} that, within this series, the absolute value of *J* ~c~ is highest on m100. This is true at all measured temperatures at low fields but also at low temperatures and high fields. The Y and CZ samples have lower *J* ~c~ s, but for all the other samples, *J* ~c~ s are very close to each other and the differences can be accounted to statistical sample-to-sample variation. The comparison is done only within this sample series because the actual *J* ~c~ can depend on the critical voltage as well as on the way the measurements are made^[@CR26]^. Similarly, enhanced *J* ~c~ is also possible to achieve using surface pinning^[@CR27]^ but also using a multilayer structures without any doping^[@CR28],[@CR29]^. Samples with many layers are kept at the deposition temperature for a longer time. This allows the structure to be more relaxed compared to samples deposited within minutes. In multilayer samples containing YBCO and NdBa~2~Cu~3~O~7−*δ*~ ^[@CR28]^ (NdBCO) layers, it was seen that the longer time at the deposition temperature allows the interface to relax. However, the added local stress due to lattice mismatch between the layers is relieved as out-of-plane edge dislocations. Even if the NdBCO is replaced by YBCO^[@CR29]^, so that there is only a waiting times during the deposition, as if depositing a true multilayer, improvements in *J* ~c~ are seen. In the multilayer samples of the current study, it is seen that the BCO doped layer is more strained than the BZO layer and thus the transition from BCO to BZO doped layer does not happen smoothly at every point due to the strain. This could probably trigger similar out-of-plane edge dislocations in the YBCO structure as seen in literature^[@CR28],[@CR29]^. In general, it is suggested that interfacial dislocations are responsible for the increase of the self-field *J* ~c~ ^[@CR30]^.

Also, because the nanorods in the current work have not grown on top of each other, they can act as a dense network capable of pinning a large number of vortices. This is in contrast to a work by Matsumoto *et al*.^[@CR16]^ where the nanorods grew on top of each other but no increase in *J* ~c~ throughout all the angles was seen with thinner layers. On the contrary, in our work at low fields the short nanorods can provide strong enough pinning centres for the small number of vortices present in the sample. The BZO pinning sites together with BCO nanodots in the spacer layer prevent the vortices from creeping from one pinning site into another by preventing the kink from sliding along the rod. Creeping would cost extra because it is energetically unfavourable for a vortex to leave the dot pinning site. If the spacer layer was undoped YBCO, this hopping by kink formation would be more likely to happen because there would not be pinning sites in the spacer layer with pinning force comparable to large BZO rods. Additionally, at higher magnetic field tilted from the **B\|\|** ***c***, the vortices have a large number of possibilities to be pinned by the short nanorods. As the field is tilted further, the vortices still like to remain in the same pinning sites since partial hopping into the next pinning site would cost too much in energy. When the field angle is large enough and hopping occurs, the segmented nanorod structure will allow the vortices to align themselves along the external field. This is in contrast to the BZO doped sample which provides only straight and continuous nanorods^[@CR2]^. Additionally, the BCO particles between the rod layers can provide some extra pinning^[@CR9]^ as compared to works with multilayer architecture having undoped YBCO between the nanorod layers, although the different alignment of the nanorods in these cases may also affect the strength of the pinning^[@CR16],[@CR17]^.

Because of the existence of the *c* peak, the Blatter scaling type anisotropy determination could not be introduced, as was done for example in refs^[@CR9],[@CR31]^. Instead, to describe the anisotropy of the films, the ratio *J* ~c~ (*ab*)/*J* ~c~ (*c*) was calculated at 40 K and is shown for Y, Z and m100 in Fig. [4](#Fig4){ref-type="fig"}. Z gives the lowest ratio, m100 has the highest absolute *J* ~c~ and Y is the reference. The ratio for Y increases above 3 in 8 T field. For m100 the ratio is lower than that, although there is no *c* peak. This is due to enhanced flux pinning, but it is also noteworthy that the absolute value is higher throughout all angles. Hence, the same absolute drop in *J* ~c~ gives a smaller ratio because of the higher absolute *J* ~c~. The value for the most isotropic sample, Z, is rather close to one in all fields, and by tuning the deposition temperature of the film, the ratio could be decreased even further^[@CR25]^. However, because of the *c* peak, the sample is not completely isotropic as the ratio would suggest, but the *J* ~c~ is lower on the angles between the peaks. Nevertheless, by tuning suitable pinning centres, the real anisotropy of the samples can be greatly affected, as can also be seen for example by looking at the *J* ~c~(*θ*) data in the work by Horide *et al*.^[@CR13]^.Figure 4The ratio *J* ~c~ (*ab*)/*J* ~c~ (*c*) at 40 K on selected samples.

Simulation results {#Sec5}
==================

A molecular dynamics simulation was made to describe the movement of vortices in different pinning landscapes. The simulation takes into account vortex-vortex interaction^[@CR22],[@CR32]^, vortex-pinning site interaction^[@CR33]^ and line tension^[@CR34]^ due to vortex line energy. Furthermore, the magnetic energy of the vortex in magnetic field was also included and vortices were also subject to Lorentz force due to current in the superconductor. Also, a drag-like force^[@CR35]^ was taken into account. Additionally, where applicable, the Blatter scaling^[@CR34]^ was used to enable to use the simulation with tilted fields with respect to the *c* axis. In the model, the mass of the vortices is an adjustable parameter which do not affect the results as long as the time step is short enough.

The simulations reproduce the shape of *J* ~c~(*θ*) around the **B\|\|** *c* axis of YBCO but also the approximately correct magnitude of *J* ~c~ without any scaling or fitting. A *c* peak can be observed when the pinning landscape consists only of straight nanorods (Fig. [5](#Fig5){ref-type="fig"}), but a similar peak is also observed using a structure similar to m1000ZC. When using a structure of layers of nanorods and nanodots repeated 4 times, like in m250, no *c* peak is seen. The simulation for"m250 equivalent" has been made with two different, slightly modified pinning landscapes in order to probe the effect of structural randomness. However, there is not enough statistics to determine whether the narrow *c* peak at *θ* = 0° is an artefact or not. Experimentally a small *c* peak has been observed e.g. in undoped YBCO films with a large number of dislocations^[@CR36]^. Additionally, the absolute value of *J* ~c~ is larger in the rod pinning landscape than in the multilayer samples. This suggests that there are also other pinning centres in the real multilayer samples, for instance strain and dislocations, that have an effect on *J* ~c~. However, the effect of nanoinclusions on pinning still dominates^[@CR37],[@CR38]^.Figure 5The angular dependence of the modelling results with different pinning landscapes at the field of 0.75 T. The "m250 equivalent" has been plotted using two slightly modified pinning landscapes. The *c* peak can be seen around *θ* = 0°.

Figure [6](#Fig6){ref-type="fig"} shows vortices in the steady state of the simulation at *J* ~c~ as the pinning landscape consists of nanorods. The current is at the critical limit and thus the picture can be used to explain the *c* peak. Strong nanorods are able to pin the vortices almost along their entire length even at *θ* = −20°, and the vortices are turned parallel to the nanorods. However, that is not possible any more with *θ* = −40° and nanorods act more like point pinning centres. This results in the decrease of the *J* ~c~ value. The high Lorentz force due to high current causes the vortices in tilted angles to be longer. In such case the line tension of a vortex is not strong enough to keep it as short as possible.Figure 6Vortices at stable state in the "Z equivalent" sample at *J* ~c~. The pictures are taken at the same place. The magnetic field is rotated (**a**) 0° (**b**) −20° (**c**) −40° with respect to the direction of the nanorods. The nanorods are red and vortices turquoise. The density of the vortices corresponds to a 0.75 T field. The simulation results were visualized using VMD^[@CR43]^.

In the"m250 equivalent" case the situation is similar when the field is tilted. Figure [7](#Fig7){ref-type="fig"} shows the vortices at the critical current limit in the stable state. At *θ* = 0° the vortices follow especially nanorods. To better describe the real, observed situation, the nanorods have not been put on top of each other but they have a small shift. This causes partly the short nanorods to act more like point pinning centres already at zero angle and not even in this case do the vortices go entirely along the nanorod segments but tend to bend away earlier. At *θ* = −20° the vortices start to jump more from one pinning site into another and the number of jumps is even larger at *θ* = −40°. The nanorods are less and less capable to pin the vortices along their direction. Furthermore, it seems that, although the nanodots are capable to pin, their effect is remarkably smaller than that of the nanorods. However, the model may underestimate the effect of nanodots, since they also cause strain in the lattice^[@CR9]^ and that would increase the pinning force in real samples.Figure 7Vortices at stable state in the "m250 equivalent" sample at *J* ~c~. The pictures are taken at the same place. The magnetic field is rotated (**a**) 0° (**b**) −20° (**c**) −40° with respect to the direction of the nanorods. The Lorentz force is directed out from the figure. The nanorods are red, point pinning sites grey and vortices turquoise. The density of the vortices corresponds to a 0.75 T field.

The evolvement into stable configuration at *θ* = −20° can also be seen as an animation at the web page of SI in two pinning landscapes, nanorods (Animation [S1](#MOESM2){ref-type="media"}) and"m250 equivalent" (Animation [S2](#MOESM3){ref-type="media"}). For clarity, the periodic pinning landscapes have been expanded. In the animations, the *J* ~c~ flows from right to left and thus the Lorentz force drives the vortices towards the viewer.

Conclusions {#Sec6}
===========

In conclusion, YBCO multilayer films with BZO and BCO dopants were fabricated. The film with only BZO nanorods produces the most isotropic *J* ~c~(*θ*). On the other hand, a film with a large number of layers of BZO and BCO doped YBCO has a higher absolute value of *J* ~c~. The short BZO nanorods along with the BCO nanodot layers form a structure that makes it too expensive to move for a vortex. Additionally, even though BZO is columnar even in the thinnest layers, the nanorods act more like nanodots and there is no *c* peak in the *J* ~c~(*θ*). However, on samples with thick enough BZO layers, the *c* peak can be seen. The disappearance of *c* peak in the case of short nanorods was also confirmed using a molecular dynamics simulation. Thus, if there is no *c* peak in the angular dependence of the *J* ~c~ it cannot be said that the sample does not contain columnar defects of any kind. From the applications point of view, if isotropic *J* ~c~ is needed, a sample with continuous nanorods is the best choice of those presented in this paper. On the other hand, in power applications, where a high *J* ~c~ is needed, a multilayer structure would work better.

Methods {#Sec7}
=======

A set of multilayer samples was made using pulsed laser deposition with 2,000 pulses per sample. Both the BCO and BZO doped targets contain 4 wt-% of dopant. Also, for comparison, a target with both 2 wt-% BCO and 2 wt-% BZO was introduced. In the films, the number and thickness of bilayers, BZO doped YBCO combined with BCO doped YBCO, was varied. A set of multilayer samples were made on 5 × 5 mm^2^ SrTiO~3~ (001) substrates using pulsed laser deposition system (*λ* = 308 nm). The pulse duration was 25 ns and the repetition rate was set on 5 Hz with a laser fluence of 1.3 J/cm^2^. The samples were deposited at 750° C and after that oxygenated at 700° C for 10 minutes. The changing of the deposition target in multilayer samples was done manually *in situ*. Thus the time it took at 750° C to make a single layer film, like Z, was considerably shorter than the time needed to deposit m100, for example. The BZO and the undoped YBCO targets were made using sol-gel method^[@CR39],[@CR40]^, implying nanosized grains in the targets and BCO doped using solid state reaction^[@CR8]^, implying micron sized grains. The target containing both 2 wt-% BCO and 2 wt-% BZO was also made using solid state reaction.

The phase purity and crystalline properties of the samples were studied by XRD using a Philips X'Pert Pro MPD with a texture goniometer. Samples CZ, m1000ZC, m250 and m100 were further studied using CS-corrected HRTEM. The used equipment for TEM analysis was FEI Nova 600 Nanolab Dual Beam FIB-SEM for TEM preparation and a JEOL JEM 2200-FS TEM, operated at 200 kV, for imaging. For the TEM measurements, a cross-sectional lamella was cut via the FIB *in situ* lift out procedure with an Omniprobe extraction needle and top cleaning^[@CR41]^.

For the angular dependence measurements, a 50 *μ*m wide current stripe, having the voltage lead separation of 1.86 mm, was patterned onto samples using wet chemical etching. After etching, the dimensions of the current stripe were measured using a Bruker Innova atomic force microscope. The contacts for the resistive measurements were made by tapping with indium. The critical current measurements as a function of angle between magnetic field and the sample were made using the horizontal rotator probe of a Quantum Design Physical property measurement system. The criterion for *I* ~c~ was 215 *μ*V/cm. However, the high value does not change the shape of the angular dependencies^[@CR42]^.

The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request.
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